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(57) ABSTRACT

Method for preparing 2,5-furan dicarboxylic acid is provided,
which includes contacting a furan composition with an oxi-

dant in the presence of a catalyst system. The furan compo-
sition includes a first compound and a second compound. The
first compound is a compound of Formula 1:

(Formula 1)
e} e}

R! Jj\o/\G)‘\m{.
\ /

InFormula 1,R" is C,_, alkyl group. The second compound is
a compound of Formula 2, a compound of formula 3, a com-
pound of Formula 4, a compound of Formula 5, or combina-
tions thereof.

(Formula 2)
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In Formula 3, R?is C, o alkyl group. The 2,5-furan dicarboxy-
lic acid is a compound of Formula 6.

HO)‘\@)‘\OH

16 Claims, No Drawings

(Formula 6)
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METHOD FOR PREPARING 2,5-FURAN
DICARBOXYLIC ACID

TECHNICAL FIELD

The technical field relates to an oxidation process of form-
ing 2,5-furan dicarboxylic acid, and in particularly relates to
starting materials thereof.

BACKGROUND

2,5-furan dicarboxylic acid (FDCA) and derivatives
thereof are biomass materials formed by oxidizing 5-hy-
droxymethylfurfural (HMF), which is formed by dehydrating
C6 fructose or glucose. FDCA is a diacid compound served as
a diacid monomer of polyester. The FDCA can be esterifi-
cated and polymerized with a diol to form a series of polyester
compounds. Because the FDCA has a structure similar to the
commonly used terephthalic acid, it can be applied in the
polyester industry and with elastomer materials. The FDCA
has a furan five-membered ring and individual properties,
which may form special polyesters in the polyester field to be
applied in IC industry or other novel fields. The HMF have
three easily oxidized functional groups such as aldehyde
group, hydroxyl group, and furan ring, such that the diacid
products of high yield formed by oxidizing the HMF must be
performed through an oxidation process with high selectivity.
Most of conventional research focused on various new cata-
lyst type to enhance the yield and selectivity of the FDCA
product. However, changing the new catalyst system often
greatly increases the equipment cost, and cannot be immedi-
ately applied in the industry.

Accordingly, a method of increasing the yield and selec-
tivity of the FDCA product through existing catalyst systems
is called for.

SUMMARY

One embodiment of the disclosure provides a method for
preparing 2,5-furan dicarboxylic acid, including: contacting a
furan composition with an oxidant in the presence of a cata-
lyst system, wherein the furan composition includes a first
compound and a second compound, the first compound is a
compound of Formula 1:

RIJI\O/\G)}\OH-
\ / ’

whereinR" is C,_, alkyl group, wherein the second compound
is a compound of Formula 2, a compound of formula 3, a
compound of Formula 4, a compound of Formula 5, or a
combination thereof;,

(Formula 1)
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HO

10

15

20

25

30

35

40

45

50

55

60

2
(Formula 3)
O
O
R?0 \ / H
(Formula 4)
O
H;C O
\
(Formula 5)
O
H;C O,
\ / OH
wherein R? is C*~* alkyl group.
DETAILED DESCRIPTION

In the following detailed description, for purposes of
explanation, numerous specific details are set forth in order to
provide a thorough understanding of the disclosed embodi-
ments. [t will be apparent, however, that one or more embodi-
ments may be practiced without these specific details.

The disclosure provides a method for preparing 2,5-furan
dicarboxylic acid, comprising: contacting a furan composi-
tion with an oxidant in the presence of a catalyst system,
wherein the furan composition includes a first compound and
a second compound. The furan composition includes a first
compound and a second compound. The first compound is a
compound of Formula 1:

(Formula 1)

OH

In Formula 1, R* is C,_, alkyl group. In one embodiment,
R! is methyl group or ethyl group. The second compound is a
compound of Formula 2, a compound of formula 3, a com-
pound of Formula 4, a compound of Formula 5, or a combi-
nation thereof.

(Formula 2)

HO
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(Formula 3)
e}
O
R%0 \ / H
(Formula 4)
e}
H;C O
WA
(Formula 5)
e}
H;C O,
\ / OH

In Formula 3, R? is C,_, alkyl group. In one embodiment,
R? is ethyl group. In one embodiment, the furan composition
is a combination of the compound of Formula 1 and the
compound of Formula 2. In one embodiment, the furan com-
position is a combination of the compound of Formula 1 and
the compound of Formula 3. In one embodiment, the furan
composition is a combination of the compound of Formula 1
and the compound of Formula 4.

The furan composition is oxidized by the oxidant with the
catalyst system to form the 2,5-furan dicarboxylic acid
(FDCA) as shown in Formula 6.

(Formula 6)

0.

\_/

In one embodiment, the aldehyde group in the compound
of Formula 2 can be selectively oxidized to a carboxylic acid
group, and the alcohol group in the compound of Formula 2
can be esterified with a carboxylic acid or an acid anhydride
of different carbon numbers, thereby forming the compound
of Formula 1. The above reactions are shown in Formula 7.

HO OH

(Formula 7)
O
H
\ 7/

Au/TiOleZ

HO
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-continued
O O

o 0
\ /

R! 0

In one embodiment, the oxidant includes oxygen. For
example, the atmosphere air (with 20 vol % oxygen) may
serve as the oxidant. In one embodiment, the catalyst system
includes at least one selected from the group consisting of
Co(II), Mn(1l), Ce(Il), a salt thereof, and a combination
thereof. For example, the salt may have an anion selected
from the group consisting of an acetate, acetate hydrate, bro-
mide, chloride, fluoride, iodide, alkoxide, azide, oxalate, car-
bonate, carboxylate, hydroxide, nitrate, borate, oxide, acety-
lacetonate, or a combination thereof In one embodiment, the
catalyst system includes a source of bromine (such as bro-
mide). For example, the catalyst system includes Co(Il),
Mn(II), and bromide. Alternatively, the catalyst system
includes Ce(11), Mn(II), and bromide. In one embodiment, the
catalyst system comprises at least one additional metal, such
as zirconium, hafnium, copper, nickel, zinc, or a combination
thereof. For example, the additional metal is zirconium.

For example, cobalt acetate (Co(OAc),.4H,0), manganese
acetate (Mn(OAc),.4H,0), and sodium bromide may serve as
the catalyst system. In one embodiment, the furan composi-
tion is oxidized by the catalyst system and the oxidant under
apressure of 8 bar to 60 bar and at a temperature of 100° C. to
250° C. Alternatively, the oxidation is performed under a
pressure of 10 bar to 25 bar and at a temperature of 130° C. to
220° C. An overly high oxidation temperature easily poly-
merizes the raw materials (e.g. HMF) or cracks the product,
thereby reducing product yield. An overly low oxidation pres-
sure and/or an overly low temperature may slow the reaction
rate and lower the 2,5-furan dicarboxylic acid product yield.
As proven in experiments, the combination of the first com-
pound and the second compound in the oxidation process has
a higher FDCA selectivity and a higher FDCA yield.

In one embodiment, the first compound (5-(acetoxym-
ethyl)-2-furoic acid) and the second compound (5-hy-
droxymethylfurfural) have a weight ratio of 1:1000000 to
1:0.5. In one embodiment, the first compound (5-(acetoxym-
ethyl)-2-furoic acid) and the second compound (5-hy-
droxymethylfurfural) have a weight ratio of 1:100000 to
1:1.5. An overly low ratio of the first compound cannot effi-
ciently enhance the FDCA selectivity and the FDCA yield.

In one embodiment, the weight ratio of catalyst/(reactants
without catalyst+solvent) is between 0.05 wt % to 8 wt %.
Alternatively, the weight ratio of catalyst/(reactants without
catalyst+solvent) is between 0.1 wt % to 6 wt %. The oxida-
tion cannot be performed well with an overly low ratio of the
catalyst. An overly high ratio of the catalyst may enhance the
oxidation cost.

The above oxidation process can be performed as a one-pot
type or a semibatch type. For example, the one-pot type
involves mixing the reactants and the catalyst in a reactor,
then increasing the pressure and the temperature of the reac-
tor, and then introducing gas into the reactor for the oxidation
process. In the batch type, the pressure and temperature of the
reactor with a catalyst solution therein are increased, and gas
is introduced into the reactor. Subsequently, the reactants are
slowly fed into the catalyst solution to perform the oxidation
process. In a continuous type, the pressure and temperature of
the reactor with a catalyst solution therein are increased, and
gas is introduced into the reactor. Subsequently, the reactants
are slowly fed into the catalyst solution to perform the oxi-

OH
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dation process. Simultaneously, the product in the reactor is
output with an appropriate rate from the reactor to a purifica-
tion element. The one-pot type, the semibatch type, and the
continuous type can be combined as a multi-stage reactor
system.

Below, exemplary embodiments will be described in detail
s0 as to be easily realized by a person having ordinary knowl-
edge in the art. The inventive concept may be embodied in
various forms without being limited to the exemplary
embodiments set forth herein. Descriptions of well-known
parts are omitted for clarity.

EXAMPLES
Preparation Example 1

Preparation of 5-hydroxymethyl-2-furoic acid
(HMFCA)

10 g of HMF, 150 g of water, and 1 g of catalyst (4%
Au/TiO2) were added into a round bottom bottle (250 mL)
and then heated to 70° C. Air under atmosphere pressure was
introduced into the liquid in the flask. The pH value of the
above reaction was controlled to 10 by adding a sodium
hydroxide aqueous solution into the flask. The reaction was
continued for 7 hours to obtain a crude aqueous solution. The
crude aqueous solution was extracted by 200 mL of ethyl
acetate two times, and the aqueous phase of the extractions
was collected by a separatory funnel. The collected aqueous
phase was titrated by concentrated hydrochloric acid (HCI)
until its pH value reached 3. The acidified aqueous phase was
extracted by 200 mL of ethyl acetate two times, and the
organic phase of the extractions was collected. The collected
organic phase was vacuumed concentrated to obtain 2.74 g of
solid, which was 5-hydroxymethyl-2-furoic acid (HMFCA).
The above reaction is shown in Formula 8. The product of
Formula 8 had NMR spectra as below: ‘H NMR (400 MHz,
d-DMSO): 13.08 (br, 1H), 7.14 (d, 1H,J=3.4 Hz), 6.45(d, 1H,
I=3.4 Hz), 5.59 (s, 1H), 4.44 (s, 2H); 1*C NMR (100 M Hz,

d-DMSO): 160.1, 159.8, 144.4, 119.0, 109.4, 56.2.
(Formula 8)
(€]
O, 0,
HO —_
\ / AWTIO,
(€]
O,
HO \ / OH
Preparation Example 2

Preparation of 5-(acetoxymethyl)-2-furoic acid

15.64 gof HMFCA (104 mmol), 300 mL of ethyl ether, and
20.24 g of triethylamine (NEt;, 0.2 mol) were added into a
twin neck bottle (250 mL.) and stirred to be completely dis-
solved. 11.78 mL of acetic anhydride (124.8 mmol) was then
slowly added into the twin neck bottle in an ice bath, and the
ice bath was then removed after the addition of acetic anhy-
dride for slowly warming up the reaction to room tempera-
ture. The reaction was continued at room temperature for 14
hours, and 3M HCI was then added into the twin neck bottle
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6

to acidify the solution in the twin neck bottle. The acidified
solution was extracted by de-ionized water three times, and
the organic phase of the extractions was collected and then
dried by anhydrous MgSO,,. The organic phase was concen-
trated to obtain a yellow solid. The yellow solid was washed
by n-hexane and then dried to obtain 17.84 g of 5-(acetoxym-
ethyl)-2-furoic acid product (yield=93%), as shown in For-
mula 1 with R being methyl group. The above reaction is
shown in Formula 9. The product of Formula 9 had NMR
spectra as below: "H NMR (400 M Hz, CDCl,): 7.23 (d, 1H,
J=3.5Hz), 6.51 (d, 1H, J=3.5 Hz), 5.07 (s, 2H), 2.07 (s, 3H).
13C NMR (100 M Hz, CDCl,): 170.6, 162.5, 154.4, 144.0,
120.5, 112.5, 57.8, 20.7. The product of Formula 9 had mass
spectrum as below: HRMS (El, m/z): caled. for C;HL O,
184.15. found 184.11 (M™).

(Formula 9)
e}
HO O OH acetic anhydride
\ / NEt;
e} e}
)k 0
H;C O OH

\ /

Preparation Example 3
Preparation of 5-(propionyloxy methyl)-2-furoic acid

9.70 gof HMFCA (69 mmol), 100 mL of dichloromethane,
and 10.47 g of triethylamine (NEt;, 0.1 mol) were added into
a twin neck bottle (200 mL) and stirred to be completely
dissolved. 10.78 g of propionic anhydride (82.8 mmol) was
then slowly added into the twin neck bottle in an ice bath, and
the ice bath was then removed after the addition of propionic
anhydride for slowly warming up the reaction to room tem-
perature. The reaction was continued at room temperature for
16 hours, and 3M HCI was then added into the twin neck
bottle to acidify the solution in the twin neck bottle. The
acidified solution was extracted by de-ionized water three
times, and the organic phase of the extractions was collected.
The organic phase was vacuumed concentrated at 80° C. and
then put into a refrigerator overnight to obtain a yellow solid.
The yellow solid was washed by n-hexane and then dried to
obtain 10.38 g of 5-(propionyloxymethyl)-2-furoic acid
product (yield=76%), as shown in Formula 1 with R* being
ethyl group. The above reaction is shown in Formula 10. The
product of Formula 10 had NMR spectra as below: 'H NMR
(400 M Hz, CDCl,): 7.25 (d, 1H, J=3.4 Hz), 6.52 (d, 1H,
J=3.4 Hz), 5.09 (s, 2H), 2.35 (q, 2H, J=7.6 Hz), 1.14 (t, 3H,
J=7.6 Hz). °C NMR (100 M Hz, CDCl,): 174.0, 162.9,
154.6, 143.9, 120.6, 112.3, 57.7, 27.2, 8.8. The product of
Formula 9 had mass spectrum as below: HRMS (EI, m/z):
caled. for CoH, 05 198.17. found 198.12 (M™).

(Formula 10)

o propionic

anhydride
OH
\ / NEG

HO
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-continued

O,

\_/

C,Hs 0 OH

Comparative Example 1-1

4.74 g of cobalt acetate (Co(OAc),.4H,0), 2.33 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.49 g of sodium bromide,
190 g of acetic anhydride, and 10 g of de-ionized water were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst.
3.24 g of 5-(propionyloxymethyl)-2-furoic acid (Formula 1
with R' being ethyl group) was then added into the high
pressure autoclave reactor. The high pressure autoclave reac-
tor was then sealed with a pressure increased to 20 bar. The
mixture in the autoclave reactor was stirred at a rate of 300
rpm and then heated to 130° C. Atmosphere air was then
introduced into the mixture at 130° C. for 1 hour, and the
mixture was heated to 150° C. and remained at 150° C. for 3
hours. Thereafter, the autoclave reactor was cooled, and pres-
sure in the autoclave was then released. The crude in the
autoclave reactor was analyzed by liquid chromatography to
determine the conversion rate of 5-(propionyloxymethyl)-2-
furoic acid being 99.33%, and the yield of the FDCA (For-
mula 6) being 52.01%. The above reaction is shown as For-
mula

(Formula 11)

0 0
)]\ o
CH 0 OH L
25 \ / Co/Mn/Br
0 0
o)
HO OH

\_/

Comparative Example 1-2

0.59 g of cobalt acetate (Co(OAc),.4H,0), 0.58 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.13 g of sodium bromide,
190 g of acetic anhydride, and 10 g of de-ionized water were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. 10
g of 5-hydroxymethylfurfural (Formula 2) was then added
into the high pressure autoclave reactor. The high pressure
autoclave reactor was then sealed with a pressure increased to
20 bar. The mixture in the autoclave reactor was stirred at a
rate of 300 rpm and then heated to 130° C. Atmosphere air
was then introduced into the mixture at 130° C. for 1 hour, and
the mixture was heated to 150° C. and remained at 150° C. for
3 hours. Thereafter, the autoclave reactor was cooled, and
pressure in the autoclave was then released. The crude in the
autoclave reactor was analyzed by liquid chromatography to
determine the conversion rate of 5-hydroxymethylfurfural
being 99.80%, and the yield of the FDCA (Formula 6) being
60.07%. The above reaction is shown as Formula 12.
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(Formula 12)
O
O
HO g %
\ / Co/Mn/Br
O O
(@)
HO \ / OH
Example 1-1

0.59 g of cobalt acetate (Co(OAc),.4H,0), 0.58 g of man-
ganese acetate (Mn(OAc),.4H,0),0.13 g of sodium bromide,
190 g of acetic anhydride, and 10 g of de-ionized water were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst.
3.24 g of 5-(propionyloxymethyl)-2-furoic acid (Formula 1
with R* being ethyl group) and 5 g of 5-hydroxymethylfur-
fural (Formula 2) was then added into the high pressure
autoclave reactor. The high pressure autoclave reactor was
then sealed with a pressure increased to 20 bar. The mixture in
the autoclave reactor was stirred at a rate of 300 rpm and then
heated to 130° C. Atmosphere air was then introduced into the
mixture at 130° C. for 1 hour, and the mixture was heated to
150° C. and remained at 150° C. for 3 hours. Thereafter, the
autoclave reactor was cooled, and pressure in the autoclave
was then released. The crude in the autoclave reactor was
analyzed by liquid chromatography to determine the conver-
sion rate of S-(propionyloxymethyl)-2-furoic acid being
95.15%, the conversion rate of 5-hydroxymethylfurfural
being 99.68%, and the yield of the FDCA (Formula 6) being
68.29%. The above reaction is shown as Formula 13.

(Formula 13)
e} e}

)J\ o
C,Hs 0

OH

0,
+ _—2
Co/Mn/Br
(6]
O
HO \ / H
(€] (€]
O
HO \ / OH
Example 1-2

0.59 g of cobalt acetate (Co(OAc),.4H,0), 0.58 g of man-
ganese acetate (Mn(OAc),.4H,0),0.13 g of sodium bromide,
190 g of acetic anhydride, and 10 g of de-ionized water were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. 0.1
g of 5-(propionyloxymethyl)-2-furoic acid (Formula 1 with
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R! being ethyl group) and 8.4 g of 5-hydroxymethylfurfural
(Formula 2) was then added into the high pressure autoclave
reactor. The high pressure autoclave reactor was then sealed
with a pressure increased to 20 bar. The mixture in the auto-
clave reactor was stirred at a rate of 300 rpm and then heated
to 130° C. Atmosphere air was then introduced into the mix-
ture at 130° C. for 1 hour, and the mixture was heated to 150°
C. and remained at 150° C. for 3 hours. Thereafter, the auto-
clave reactor was cooled, and pressure in the autoclave was
then released. The crude in the autoclave reactor was ana-
lyzed by liquid chromatography to determine the conversion
rate of 5-(propionyloxymethyl)-2-furoic acid being 94.12%,
the conversion rate of S-hydroxymethylfurfural being
99.80%, and the yield of the FDCA (Formula 6) being
65.82%. The above reaction is shown as Formula 13.

Example 1-3

4.74 g of cobalt acetate (Co(OAc),.4H,0), 2.33 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.49 g of sodium bromide,
and 100 g of 95% acetic acid (containing 5% water) were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. The
high pressure autoclave reactor was then sealed with a pres-
sure increased to 20 bar by filling nitrogen. The mixture in the
autoclave reactor was stirred at a rate of 300 rpm and then
heated to 150° C. Atmosphere air was then introduced into the
mixture at 150° C. 0.11 g of 5-(propionyloxymethyl)-2-furoic
acid (Formula 1 with R* being ethyl group), 20 g of 5-hy-
droxymethylfurfural (Formula 2), and 100 g of 95% acetic
acid were evenly mixed to form a solution, and then gradually
added into the high pressure autoclave reactor through a feed-
ing pump to be reacted. The reaction was remained at 150° C.
for 5 hours. Thereatfter, the autoclave reactor was cooled, and
pressure in the autoclave was then released. The crude in the
autoclave reactor was analyzed by liquid chromatography to
determine the conversion rate of 5-(propionyloxymethyl)-2-
furoic acid being 96.86%, the conversion rate of 5-hydroxym-
ethylfurfural being 99.91%, and the yield of the FDCA (For-
mula 6) being 67.12%. The above reaction is shown as
Formula 13.

Example 1-4

7.11 g of cobalt acetate (Co(OAc),.4H,0), 3.50 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.74 g of sodium bromide,
and 100 g of 95% acetic acid (containing 5% water) were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. The
high pressure autoclave reactor was then sealed with a pres-
sure increased to 20 bar by filling nitrogen. The mixture in the
autoclave reactor was stirred at a rate of 300 rpm and then
heated to 150° C. Atmosphere air was then introduced into the
mixture at 150° C. 3.2 g of 5-(propionyloxymethyl)-2-furoic
acid (Formula 1 with R* being ethyl group), 35 g of 5-hy-
droxymethylfurfural (Formula 2), and 65 g of 95% acetic acid
were evenly mixed to form a solution, and then gradually
added into the high pressure autoclave reactor through a feed-
ing pump to be reacted. The reaction was remained at 150° C.
for 11 hour. Thereafter, the autoclave reactor was cooled, and
pressure in the autoclave was then released. The crude in the
autoclave reactor was analyzed by liquid chromatography to
determine the conversion rate of 5-(propionyloxymethyl)-2-
furoic acid being 99.74%, the conversion rate of 5-hydroxym-
ethylfurfural being 99.89%, and the yield of the FDCA (For-
mula 6) being 75.02%. The above reaction is shown as
Formula 13.
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Example 1-5

1.77 g of cobalt acetate (Co(OAc),.4H,0), 0.87 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.74 g of sodium bromide,
and 100 g of 95% acetic acid (containing 5% water) were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. The
high pressure autoclave reactor was then sealed with a pres-
sure increased to 20 bar by filling nitrogen. The mixture in the
autoclave reactor was stirred at a rate of 300 rpm and then
heated to 150° C. Atmosphere air was then introduced into the
mixture at 150° C. 0.01 g of 5-(propionyloxymethyl)-2-furoic
acid (Formula 1 with R* being ethyl group), 35 g of 5-hy-
droxymethylfurfural (Formula 2), and 65 g of 95% acetic acid
were evenly mixed to form a solution, and then gradually
added into the high pressure autoclave reactor through a feed-
ing pump to be reacted. The reaction was remained at 150° C.
for 11 hour. Thereafter, the autoclave reactor was cooled, and
pressure in the autoclave was then released. The crude in the
autoclave reactor was analyzed by liquid chromatography to
determine the conversion rate of 5-(propionyloxymethyl)-2-
furoic acid being 96.37%, the conversion rate of 5-hydroxym-
ethylfurfural being 97.58%, and the yield of the FDCA (For-
mula 6) being 64.57%. The above reaction is shown as
Formula 13.

Example 1-6

1.77 g of cobalt acetate (Co(OAc),.4H,0), 0.87 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.74 g of sodium bromide,
0.1 gof'tetrakis(2,4-pentanedionato-0,0')-zirconium, and 100
g of 95% acetic acid (containing 5% water) were added into a
high pressure autoclave reactor, and then stirred to be evenly
mixed for completely dissolving the catalyst. The high pres-
sure autoclave reactor was then sealed with a pressure
increased to 20 bar by filling nitrogen. The mixture in the
autoclave reactor was stirred at a rate of 300 rpm and then
heated to 150° C. Oxygen/nitrogen (5%/95%) was then intro-
duced into the mixture at 150° C. 0.001 g of 5-(propiony-
loxymethyl)-2-furoic acid (Formula 1 with R* being ethyl
group), 40 g of 5-hydroxymethylfurfural (Formula 2), and 60
g of 95% acetic acid were evenly mixed to form a solution,
and then gradually added into the high pressure autoclave
reactor through a feeding pump to be reacted. The reaction
was remained at 150° C. for 11 hour. Thereafter, the autoclave
reactor was cooled, and pressure in the autoclave was then
released. The crude in the autoclave reactor was analyzed by
liquid chromatography to determine the conversion rate of
5-(propionyloxymethyl)-2-furoic acid being 80.44%, the
conversion rate of 5-hydroxymethylfurfural being 85.73%,
and the yield of the FDCA (Formula 6) being 30.07%. The
above reaction is shown as Formula 13.

Example 1-7

7.11 g of cobalt acetate (Co(OAc),.4H,0), 3.5 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.74 g of sodium bromide,
and 100 g of 95% acetic acid (containing 5% water) were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. The
high pressure autoclave reactor was then sealed with a pres-
sure increased to 20 bar by filling nitrogen. The mixture in the
autoclave reactor was stirred at a rate of 300 rpm and then
heated to 150° C. Oxygen/nitrogen (5%/95%) was then intro-
duced into the mixture at 150° C. 0.23 g of 5-(acetoxym-
ethyl)-2-furoic acid (Formula 1 with R' being methyl group),
30 g of 5-hydroxymethylfurfural (Formula 2), and 100 g of
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95% acetic acid were evenly mixed to form a solution, and
then gradually added into the high pressure autoclave reactor
through a feeding pump to be reacted. The reaction was
remained at 150° C. for 4 hours, and then heated to 170° C.
and remained at 170° C. for 2 hours. Thereafter, the autoclave
reactor was cooled, and pressure in the autoclave was then
released. The crude in the autoclave reactor was analyzed by
liquid chromatography to determine the conversion rate of
5-(acetoxymethyl)-2-furoic acid being 89.79%, the conver-
sion rate of 5-hydroxymethylfurfural being 98.34%, and the
yield of the FDCA (Formula 6) being 32.39%. The above
reaction is shown as Formula 14.

(Formula 14)

15

12

-continued
O

O

\_/

HO OH

Example 1-8

7.11 g of cobalt acetate (Co(OAc),.4H,0), 3.5 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.74 g of sodium bromide,
and 100 g of 95% acetic acid (containing 5% water) were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. The
high pressure autoclave reactor was then sealed with a pres-
sure increased to 25 bar by filling nitrogen. The mixture in the

O O autoclave reactor was stirred at a rate of 300 rpm and then

)]\ o heated to 150° C. Atmosphere air was then introduced into the

HC o OH mixture at 150° C. 2.3 g of 5-(acetoxymethyl)-2-furoic acid
3 20 . 1 .

\ / (Formula 1 with R" being methyl group), 30 g of 5-hy-
droxymethylfurfural (Formula 2), and 100 g of 95% acetic
acid were evenly mixed to form a solution, and then gradually

0, added into the high pressure autoclave reactor through a feed-
+ —_— . . .
Co/Mn/Br ing pump to be reacted. The reaction was remained at 150° C.
o 25 for 11 hour. Thereafter, the autoclave reactor was cooled, and
pressure in the autoclave was then released. The crude in the
0O autoclave reactor was analyzed by liquid chromatography to
HO \ / H determine the conversion rate of 5-(acetoxymethyl)-2-furoic
acid being 99.66%, the conversion rate of 5-hydroxymethyl-
furfural being 99.87%, and the yield of the FDCA (Formula
6) being 74.66%. The above reaction is shown as Formula 14.
TABLE 1
Reaction Reaction FDCA
Co/Mn/Br  temperature pressure Reactant selectivity FDCA
Reactants catalyst °C) (bar) conversion rate (%) (mole %) yield
Comparative 5-(propionyloxy 3.72wt% 130°C.(1h)y+ 20 5-(propionyloxymethyl)- 52.36 52.01
Example 1-1 methyl)-2-furoic 150°C. (3 h) 2-furoic acid = 99.33
acid (1.6 wt %)
Comparative 5-hydroxymethyl 0.62wt% 130°C.(1h)+ 20 5-hydroxymethylfurfural =  60.19 60.07
Example 1-2 furfural (4.8 wt %) 150°C. (3 h) 99.80
Example 1-1 5-hydroxymethyl 0.62wt% 130°C.(1h)+ 20 5-hydroxymethylfurfural =  69.44 68.29
furfural (2.4 wt %) 150°C. (3 h) 99.68, 5-(propionyloxy
and 5-(propionyloxy methyl)-2-furoic acid =
methyl)-2-furoic 95.15
acid (1.6 wt %)
Example 1-2  5-hydroxymethyl 0.62wt% 130°C.(1h)+ 20 5-hydroxymethylfurfural =  65.98 65.82
furfural (4.0 wt %) 150°C. (3 h) 99.80, 5-(propionyloxy
and 5-(propionyloxy methyl)-2-furoic acid =
methyl)-2-furoic 94.12
acid (0.048 wt %)
Example 1-3  5-hydroxymethyl 343wt% 150°C.(5h) 20 5-hydroxymethylfurfural =  67.18 67.12
furfural (9 wt %) and 99.91, 5-(propionyloxy
5-(propionyloxy methyl)-2-furoic acid =
methyl)-2-furoic 96.86
acid (0.05 wt %)
Example 1-4 5-hydroxymethyl 559wt % 150°C. 20 5-hydroxymethylfurfural =  75.11 75.02
furfural (17.2 wt %) (11h) 99.89, 5-(propionyloxy
and 5-(propionyloxy methyl)-2-furoic acid =
methyl)-2-furoic 99.74
acid (1.6 wt %)
Example 1-5 5-hydroxymethyl 1.69wt % 150°C. 20 5-hydroxymethylfurfural =  66.17 64.57
furfural (17.5 wt %) (11h) 97.58, 5-(propionyloxy
and 5-(propionyloxy methyl)-2-furoic acid =
methyl)-2-furoic 96.37
acid (0.005 wt %)
Example 1-6 5-hydroxymethyl 1.74wt % 150°C. 20 5-hydroxymethylfurfural =  35.07 30.07
furfural (20.0 wt %) (with (11h) 85.73, 5-(propionyloxy
and 5-(propionyloxy further methyl)-2-furoic acid =
methyl)-2-furoic zirconium 80.44
acid (0.0005 wt %)  catalyst)
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TABLE 1-continued
Reaction Reaction FDCA
Co/Mn/Br temperature pressure Reactant selectivity FDCA

Reactants catalyst (°C) (bar) conversion rate (%) (mole %) yield
Example 1-7 S-hydroxymethyl 493 wt% 150°C.(4h)+ 20 5-hydroxymethylfurfural =  32.95 32.39

furfural (13.0 wt %) 170°C. 2 h) 98.34, 5-(acetoxy

and 5-(acetoxy methyl)-2-furoic acid =

methyl)-2-furoic 89.79

acid (0.1 wt %)
Example 1-8 S-hydroxymethyl 4.89 wt% 150° C. 25 5-hydroxymethylfurfural =  74.77 74.66

furfural (13.0 wt %) (11h) 99.87, 5-(acetoxy

and 5-(acetoxy methyl)-2-furoic acid =

methyl)-2-furoic 99.66

acid (1 wt %)

15
Note 1: In Comparative Examples 1-1 and 1-2 and Examples
1-1 to 1-5 and 1-8, atmosphere air was introduced into the (Formula 15)
mixture. In Examples 1-6 and 1-7, oxygen/nitrogen (5%/ o
95%) was introduced into the mixture. 20 o) o
2

Note 2: The catalyst was Co—Mn—Br in Comparative CaHs0 \ / Y Ay

Examples 1-1 and 1-2 and Examples 1-1to 1-4 and 1-6 to 1-8.
The catalyst was Co—Mn—DBr with Zr assistant catalyst
(Co—Mn—DBr—7r) in Example 1-5.

Note 3: The reactant weight ratio was defined as reactants/
(reactants without catalyst+solvent), and the catalyst weight
ratio was defined as catalyst/(reactants without catalyst+sol-
vent).

As comparison between Comparative Examples 1-1, Com-
parative Example 1-2, Example 1-1, and Example 1-2, the
combination of 5-(propionyloxymethyl)-2-furoic acid and
5-hydroxymethyl furfural in the oxidation process had a
higher FDCA selectivity and a higher FDCA yield.

As shown in Examples 1-5, a small amount of additional
S5-(propionyloxymethyl)-2-furoic acid may efficiently
enhance the FDCA selectivity and the FDCA yield.

On the other hand, Examples 1-6 and 1-7 had lower FDCA
selectivity and lower FDCA yield due to oxygen/nitrogen
(5%/95%, not atmosphere air) being introduced into the mix-
ture.

Comparative Example 2

0.59 g of cobalt acetate (Co(OAc),.4H,0), 0.58 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.13 g of sodium bromide,
190 g of acetic anhydride, and 10 g of de-ionized water were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. 5 g
of 5-ethoxymethyl furfural (Formula 3 with R? being ethyl
group) was then added into the high pressure autoclave reac-
tor. The high pressure autoclave reactor was then sealed with
a pressure increased to 20 bar. The mixture in the autoclave
reactor was stirred at a rate of 300 rpm and then heated to 130°
C. Atmosphere air was then introduced into the mixture at
130° C. for 1 hour, and the mixture was heated to 150° C. and
remained at 150° C. for 3 hours. Thereafter, the autoclave
reactor was cooled, and pressure in the autoclave was then
released. The crude in the autoclave reactor was analyzed by
liquid chromatography to determine the conversion rate of
S-ethoxymethyl furfural being 99.91%, and the yield of the
FDCA (Formula 6) being 34.95%. The above reaction is
shown as Formula 15.

(€] (€]

25 HO \ / H

Example 2

30
0.59 g of cobalt acetate (Co(OAc),.4H,0), 0.58 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.13 g of sodium bromide,
190 g of acetic anhydride, and 10 g of de-ionized water were
added into a high pressure autoclave reactor, and then stirred
35 to be evenly mixed for completely dissolving the catalyst.
3.24 g of 5-(propionyloxymethyl)-2-furoic acid (Formula 1
with R* being ethyl group) and 5 g of 5-ethoxymethyl furfural
(Formula 3 with R? being ethyl group) were then added into
the high pressure autoclave reactor. The high pressure auto-
40 clave reactor was then sealed with a pressure increased to 20
bar. The mixture in the autoclave reactor was stirred at a rate
01 300 rpm and then heated to 130° C. Atmosphere air was
then introduced into the mixture at 130° C. for 1 hour, and the
mixture was heated to 150° C. and remained at 150° C. for 3
45 hours. Thereafter, the autoclave reactor was cooled, and pres-
sure in the autoclave was then released. The crude in the
autoclave reactor was analyzed by liquid chromatography to
determine the conversion rate of 5-(propionyloxymethyl)-2-
furoic acid being 99.53%, the conversion rate of 5-ethoxym-
ethyl furfural being 64.36%, and the yield of the FDCA
(Formula 6) being 54.74%. The above reaction is shown as

Formula 16.
(Formula 16)
(¢] (¢]
55
O.

C,Hs O \ / OH

60 0,
+ _ -
Co/Mn/Br
(¢]
O

65 C,HsO \ / H
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-continued Comparative Example 3-2
e} e}
(o) 0.59 g of cobalt acetate (Co(OAc),.4H,0), 0.58 g of man-
HO OH ganese acetate (Mn(OAc),.4H,0), 0.13 g of sodium bromide,
\ / > 190 g of acetic anhydride, and 10 g of de-ionized water were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. 3 g
TABLE 2
Reaction Reaction Reactants FDCA
Co/Mn/Br temperature pressure conversion selectivity FDCA
Reactants Catalyst (°C.) (bar) rate (%) (mole %) yield (%)
Comparative 5-(propionyloxy  3.72wt% 130°C.(1h)+ 20 5-(propionyloxy 52.36 52.01
Example 1-1 methyl)-2-furoic 150°C. 3 h) methyl)-2-furoic
acid (1.6 wt %) acid = 99.33
Comparative 5-ethoxymethyl  0.63wt% 130°C.(1h)+ 20 S-ethoxymethyl 34.98 34.95
Example 2 furfural (2.4 wt %) 150°C. 3 h) furfural = 99.91
Example2  5-ethoxymethyl  0.62wt% 130°C.(1h)+ 20 5-(propionyloxy 62.39 54.74
furfural (2.4 wt %) 150°C. 3 h) methyl)-2-furoic

and 5-(propiony! acid = 99.53,
oxymethyl)-2- 5-ethoxymethyl
furoic acid furfural = 64.36

(1.6 Wt %)

As comparison between Comparative Examples 1-1, Com-
parative Example 2, and Example 2, the combination of
5-(propionyloxymethyl)-2-furoic acid and 5-ethoxymethyl
furfural in the oxidation process had a higher FDCA selec-
tivity and a higher FDCA yield.

Comparative Example 3-1

0.59 g of cobalt acetate (Co(OAc),.4H,0), 0.58 g of man-
ganese acetate (Mn(OAc),.4H,0), 0.13 g of sodium bromide,
190 g of acetic anhydride, and 10 g of de-ionized water were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst.
3.24 g of 5-(acetoxymethyl)-2-furoic acid (Formula 1 with R*
being methyl group) was then added into the high pressure
autoclave reactor. The high pressure autoclave reactor was
then sealed with a pressure increased to 20 bar. The mixture in
the autoclave reactor was stirred at a rate of 300 rpm and then
heated to 130° C. Atmosphere air was then introduced into the
mixture at 130° C. for 1 hour, and the mixture was heated to
150° C. and remained at 150° C. for 3 hours. Thereafter, the
autoclave reactor was cooled, and pressure in the autoclave
was then released. The crude in the autoclave reactor was
analyzed by liquid chromatography to determine the conver-
sion rate of 5-(acetoxymethyl)-2-furoic acid being 99.36%,
and the yield of the FDCA (Formula 6) being 40.50%. The
above reaction is shown as Formula 17.

(Formula 17)
e} e}
)k 0
H,C o om __ 9
\ / Co/Mn/Br
e} e}

O,

HO OH

\ /
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of' S-methyl furfural (Formula 4) was then added into the high
pressure autoclave reactor. The high pressure autoclave reac-
tor was then sealed with a pressure increased to 20 bar. The
mixture in the autoclave reactor was stirred at a rate of 300
rpm and then heated to 130° C. Atmosphere air was then
introduced into the mixture at 130° C. for 1 hour, and the
mixture was heated to 150° C. and remained at 150° C. for 3
hours. Thereafter, the autoclave reactor was cooled, and pres-
sure of the autoclave was then released. The crude in the
autoclave reactor was analyzed by liquid chromatography to
determine the conversion rate of 5-methyl furfural being
100%, and the yield of the FDCA (Formula 6) being 43.05%.
The above reaction is shown as Formula 18.

(Formula 18)
(6]
H;C 0,
" O
\ / Co/Mn/Br
(€] (€]
O

HO \ / OH

Example 3
0.59 g of cobalt acetate (Co(OAc),.4H,0), 0.58 g of man-

ganese acetate (Mn(OAc),.4H,0),0.13 g of sodium bromide,
190 g of acetic anhydride, and 10 g of de-ionized water were
added into a high pressure autoclave reactor, and then stirred
to be evenly mixed for completely dissolving the catalyst. 1.5
g of 5-(acetoxymethyl)-2-furoic acid (Formula 1 with R'
being methyl group) and 3 g of 5-methyl furfural (Formula 4)
were then added into the high pressure autoclave reactor. The
high pressure autoclave reactor was then sealed with a pres-
sure increased to 20 bar. The mixture in the autoclave reactor
was stirred at a rate of 300 rpm and then heated to 130° C.
Atmosphere air was then introduced into the mixture at 130°
C. for 1 hour, and the mixture was heated to 150° C. and
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remained at 150° C. for 3 hours. Thereafter, the autoclave
reactor was cooled, and pressure in the autoclave was then
released. The crude in the autoclave reactor was analyzed by
liquid chromatography to determine the conversion rate of
5-(acetoxymethyl)-2-furoic acid being 99.29%, the conver-
sion rate of S-methyl furfural being 100%, and the yield of the
FDCA (Formula 6) being 46.25%. The above reaction is
shown as Formula 19.

18
the first compound is a compound of Formula 1:
(Formula 1)

O

RIJJ\O
\ /

10 . .
(Formula 19) Where%n R'is C,_, alkyl group,
wherein the second compound is a compound of Formula
O O 2, a compound of formula 3, a compound of Formula 4,
)]\ o a compound of Formula 5, or a combination thereof;
H;C o \ / OH 15
(Formula 2)
0, 0
+ B ———
Co/Mn/Br fo)
HO H
o 20 \ /
H;C o)
\ /
o o 25 (Formula 3)
(€]
O o}
HO \ / OH R20 \ / u
30
TABLE 3
Reaction Reaction Reactants FDCA
Co/Mn/Br temperature pressure conversion selectivity FDCA
Reactants Catalyst (°C.) (bar) rate (%) (mole %) yield (%)
Comparative 5-(acetoxymethyl)- 0.64wt% 130°C. (1 h)+ 20 5-(acetoxymethyl)-2-  40.77 40.50
Example 3-1 2-furoic acid 150°C. 3 h) furoic acid = 99.36
(1.6 wt %)
Comparative S-methyl furfural 0.64wt% 130°C.(1h)+ 20 5-methy! furfural = 100 43.05 43.05
Example 3-2 (1.5 wt %) 150°C. 3 h)
Example 3 5-methy! furfural 0.64wt% 130°C.(1h)+ 20 5-methy! furfural = 100, 46.33 46.25
(1.5 wt %) and 5- 150°C. 3 h) 5-(acetoxymethyl)-2-
(acetoxymethyl)-2- furoic acid = 99.29
furoic acid
(0.73 wt %)
As comparison between Comparative Examples 3-1, Com-
parative Example 3-2, and Example 3, the combination of (Formula 4)
5-(acetoxymethyl)-2-furoic acid and 5-methyl furfural in the 50 Q
oxidation process had a higher FDCA selectivity and a higher H;C o)
FDCA yield. \ / H
It will be apparent to those skilled in the art that various
modifications and variations can be made to the disclosed s
methods and materials. It is intended that the specification
and examples be considered as exemplary only, with a true
scope of the disclosure being indicated by the following o (Formula 5)
claims and their equivalents.
60 H;C O
. . . OH
What is claimed is: \ /
1. A method for preparing 2,5-furan dicarboxylic acid,
comprising:
contacting a furan composition with an oxidant in the pres- 65 wherein R* is C,  alkyl group.

ence of a catalyst system, wherein the furan composition
includes a first compound and a second compound,

2. The method as claimed in claim 1, wherein the oxidant
comprises oxygen.
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3. The method as claimed in claim 1, wherein the catalyst
system comprises at least one selected from the group con-
sisting of Co(Il), Mn(IT), Ce(1II), a salt thereof, and a combi-
nation thereof.

4. The method as claimed in claim 3, wherein the catalyst
system comprises a source of bromine.

5. The method as claimed in claim 4, wherein the catalyst
system comprises Co(II), Mn(II), and bromide.

6. The method as claimed in claim 4, wherein the catalyst
system comprises Ce(Il), Mn(Il), and bromide.

7. The method as claimed in claim 3, wherein the catalyst
system comprises at least one additional metal.

8. The method as claimed in claim 6, wherein the additional
metal comprises zirconium, hafnium, copper, nickel, zinc, or
a combination thereof.

9. The method as claimed in claim 3, wherein the salt has an
anion selected from the group consisting of an acetate, acetate
hydrate, bromide, chloride, fluoride, iodide, alkoxide, azide,
oxalate, carbonate, carboxylate, hydroxide, nitrate, borate,
oxide, acetylacetonate, or a combination thereof.

10
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10. The method as claimed in claim 1, wherein the furan
composition is oxidized by the catalyst system and the oxi-
dant under a pressure of 8 bar to 60 bar and at a temperature
of 100° C. to 250° C.

11. The method as claimed in claim 1, wherein the furan
composition is oxidized by the catalyst system and the oxi-
dant under a pressure of 10 bar to 25 bar and at a temperature
of 130° C. to 220° C.

12. The method as claimed in claim 1, wherein R* is methyl
group or ethyl group.

13. The method as claimed in claim 1, wherein the second
compound is the compound of Formula 2.

14. The method as claimed in claim 1, wherein the second
compound is the compound of Formula 3 with R? being ethyl
group.

15. The method as claimed in claim 1, wherein the second
compound is the compound of Formula 4.

16. The method as claimed in claim 1, wherein the first
compound and the second compound have a weight ratio of
1:1000000 to 1:0.5.



